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Abstract: Climate change, and especially the associated acceleration of sea-level rise, forms a serious
threat to the Wadden Sea. The Wadden Sea contains the world’s largest coherent intertidal flat area
and it is known that these flats can drown when the rate of sea-level rise exceeds a critical limit. As a
result, the intertidal flats would then be permanently inundated, seriously affecting the ecological
functioning of the system. The determination of this critical limit and the modelling of the transient
process of how a tidal basin responds to accelerated sea-level rise is of critical importance. In this
contribution we revisit the modelling of the response of the Wadden Sea tidal basins to sea-level
rise using a basin scale morphological model (aggregated scale morphological interaction between
tidal basin and adjacent coast, ASMITA). Analysis using this aggregated scale model shows that
the critical rate of sea-level rise is not merely influenced by the morphological equilibrium and the
morphological time scale, but also depends on the grain size distribution of sediment in the tidal
inlet system. As sea-level rises, there is a lag in the morphological response, which means that the
basin will be deeper than the systems morphological equilibrium. However, so long as the rate
of sea-level rise is constant and below a critical limit, this offset becomes constant and a dynamic
equilibrium is established. This equilibrium deviation as well as the time needed to achieve the
dynamic equilibrium increase non-linearly with increasing rates of sea-level rise. As a result, the
response of a tidal basin to relatively fast sea-level rise is similar, no matter if the sea-level rise rate is
just below, equal or above the critical limit. A tidal basin will experience a long process of ‘drowning’
when sea-level rise rate exceeds about 80% of the critical limit. The insights from the present study
can be used to improve morphodynamic modelling of tidal basin response to accelerating sea-level
rise and are useful for sustainable management of tidal inlet systems.
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1. Introduction

1.1. Study Area

The Wadden Sea contains the world largest coherent area of tidal flats and spans nearly 500
km along the northern coast of the Netherlands and the North Sea coasts of Germany and Denmark
(Figure 1). It is separated from the North Sea by a series of barrier islands, and characterized by a wide
variety of channels, sand and mud flats, gullies and salt marshes.

55°N

North Sea

54°N

Figure 1. Wadden Sea, the light-colored areas between the barrier islands and the mainland coast
(based on picture from www.waddensea-secretariat.org).

The Dutch Wadden Sea, bounded by the tip of the Holland coast in the south and the Ems Estuary
in the east, consist of six tidal inlet systems, as indicated in Figure 2. In this sediment-rich system, the
inlets all comprise relatively large ebb-tidal delta shoals and narrow and deep inlet channels that are
connected to extensive systems of branching channels, tidal flats and salt marshes in the back-barrier
basins. Tidal divides (indicated by dotted lines) are formed where the tidal waves travelling through
two adjacent inlets meet (Figure 2) and are often considered to form the morphological boundaries
of the tidal basins, although model studies (e.g., [1]) and field measurements [2,3] illustrate that net
flow is present between the individual basins and may be larger than commonly assumed. The tidal
divides are located somewhat eastward of the center of the barrier islands due to the eastward increase
of tidal amplitude [4] and the prevailing westerly wind [5].

The tidal flats consist mainly of sand (~90%; grain size 0.10-0.20 mm) and fine-grained muddy
sediments (~10%), with decreasing grain size diameters away from the inlet [6-10] due to the settling
lag effects of suspended sediments [11-14]. The ebb-tidal deltas primarily consist of sand (0.10-0.40
mm), which is finer on the shoals and coarser in the channels. Similar sand is found in the channels
within the basins.
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Figure 2. Tidal inlets in the Dutch Wadden Sea (the locations of the tidal divides are indicative).

Following the classification of Davis and Hayes [15], the inlets of the Dutch Wadden Sea belong
to the mixed-energy wave-dominated class. Both tides and waves play an important role in shaping
and maintaining the Wadden system. The mean tidal range increases from about 1.5 m in the west
at the Texel Inlet to 2.2 m in the east at the Zoutkamperlaag. The North Sea wave climate mainly
consists of locally generated wind waves with an average significant wave height of about 1.4 m
and corresponding peak wave period of about 7 s. The tidal flow is the driving force for the fractal
channel patterns in the back-barrier basins [16,17]. For the tidal inlet in morphological equilibrium, the
total area of the tidal flats in the basin is related to the basin area; the average height of the tidal flats
(measured from low water (LW)) is related to the tidal range; the total volume of channels in the basin
and the volume of the ebb-tidal delta are related to the tidal prism [4,18].

1.2. Influence of Sea-Level Rise

Sea-level rise (SLR) has played an important role in the development of the Wadden Sea since
its formation more than 7000 years ago [19]). The temperate climate and rising sea level have been
essential in the formation of this wetland system. More recently, especially during the last century,
human interventions have become important to the formation of the present day Wadden Sea [20,21].
The presence of a wide-variety of (inter) tidal flats, branching channels and salt marshes provide
habitats for a wide variety of salt water plants, marine species and birds. Accelerated SLR may threaten
this system as the intertidal flats and marshes may become permanently submerged. Observations
suggest that some systems remain stable as sediment import and tidal-flat and salt marsh accretion
can keep pace with certain rates of relative SLR [19,22-26], while other systems degrade and finally
drown [27,28].

Water level measurements over the last 120 years reveal a fairly constant average relative SLR
of about 2 mm/y, consisting of about 1.5 mm/y increase of mean sea level and about 0.5 mm/y
subsidence [29], along the entire Dutch coast [30-33]. It is anticipated that worldwide SLR will
accelerate, although exact rates are still uncertain; a SLR of between 0.3 and 3 m by 2100 has been
presented in the literature [34-38]. For the Dutch Wadden Sea, various scenarios, with the SLR rate
in 2100 varying from 2 to 20 mm/y, have been presented in [39], highlighting the uncertainties in the
future projections of SLR.

Undoubtably, accelerated SLR will influence the future morphological development of the Wadden
Sea. The large intertidal flats in the basins are ecologically important and they help protect against
flooding along the mainland coast. Future acceleration of SLR can reduce the intertidal flat area,
or even cause the permanent drowning if the rate becomes too high. For the management of the
system it is therefore essential to predict the development of the intertidal flats area and the associated
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sediment import to the basin for various SLR scenarios, and to evaluate possible mitigating measures
for protecting the ecological value of the system and for flood risk management.

Relative SLR in the Wadden Sea is not only caused by global rise of the sea-level and tectonic and
isostatic subsidence, but also due to local gas and salt extraction under the Wadden Sea. Extraction
permits require that the total relative SLR, i.e., subsidence plus SLR, does not exceed some critical,
predefined limit [40], with the aim of ensuring that no significant environmental impact occurs.

It is also anticipated that faster SLR will cause more sediment transport from the North Sea to
the Wadden Sea, implying larger sediment losses from the adjacent coasts and barrier islands. Since
1990, the Dutch coastal policy is to maintain the North-Sea coastline at its 1990 position. Erosion of
the coastline is counterbalanced with sand nourishments. Acceleration of SLR will thus result in an
increase of nourishment volumes. Predicting the increase in these nourishment volumes is essential
for future sustainable coastal management.

1.3. Modelling the Response to Sea-Level Rise

Various morphodynamic models have been developed to simulate morphodynamic processes
in complex areas such as the Wadden Sea. Generally, three types of models can be distinguished:
process-based, aggregated and idealized [21,41-43].

Morphodynamic modelling using process-based models for tidal regions started from the end of
the last century [44]. Nowadays, software systems like Delft3D (Deltares, Delft, The Netherlands) [45],
are available to simulate morphodynamic changes for rivers, coasts and estuaries. For tidal waters
like the Wadden Sea, process-based models have been successful in simulating short-term changes
and investigating physical processes and mechanisms for morphological changes [46-49]. Since
the pioneering study of Hibma et al. [50] many long-term morphodynamic simulations have been
reported in the literature (see e.g., [17,51-58]). However, most of the simulations are carried out for
simplified geometry and initial bathymetry, and they mainly concern the morphology at the end
of the simulation. Extension of this type of modelling by including SLR (see e.g., [59]) provides
qualitative rather than quantitative information about the response of tidal basins to SLR. Predicting
the morphodynamics of the Wadden Sea inlets (e.g., Ameland Inlet) over the medium to long-term is
still a very challenging task [60,61]. In general, the models are better at predicting the morphodynamic
evolution after large-scale disturbances rather than predicting the smaller-scale gradual evolution such
as the development of inlets under the influence of SLR. Apparently, process-based morphodynamic
models have been set up and calibrated either for reproducing the morphological timescales well
(by correctly reproducing the hydrodynamic and sediment transport processes and the short-term
morphological changes) or for correctly representing the (characteristics of) morphological equilibrium
(end state of the long-term schematized simulations), not both. Models with correct morphological
timescales are suitable for simulating evolution after large-scale distortion if their error in representing
the morphological equilibrium are much smaller than the distortion. For simulating the response of
tidal inlet systems to SLR the model is required to reproduce both the morphological equilibrium as
well as the morphological timescale. This implies that most existing process-based morphodynamic
(application) models, are in fact, not suitable for simulating responses of tidal inlets to SLR. The
only application of process-based models to the Dutch Wadden Sea thus far for simulating impact of
SLR [62] predicted an unrealistically low critical rate of SLR because only a single sand fraction was
included [63]. Hofstede et al. [64] presented process-based modelling of the impact of future SLR on
the (German) Wadden Sea by including sand as well as mud in the model (see also [65]), but their
model has not been verified for the response to SLR. Moreover, a general problem with process-based
modelling is that due to the complexity of the model and the high computational efforts it is difficult to
determine the critical sea-level rise rate for drowning of the tidal flats in the Wadden Sea, even if the
model used has been carefully set up and verified.
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Idealized models (see review in [66]) are in fact simplified process-based models but they have not
been used to model sea-level rise effects on the Wadden Sea, although they are potentially well-suited
to the task.

Up to now, the assessment of the impact of relative SLR relies mainly on aggregated morphological
models like ASMITA [67-70]. The aggregated scale morphological interaction between tidal basin and
adjacent coast (ASMITA) model can be used to determine the critical SLR rate [21,71]. It has also been
used to assess the impact of land subsidence quantitatively, as an input to the environmental impact
assessment for gas and salt mining projects in the Dutch Wadden Sea [21]. Empirical relations for
morphological equilibrium are implemented in this type of model and calibration of the model depends
mainly on the morphological timescale, making them better suited for simulating responses to SLR.

The aggregated models also only include one sediment fraction, but they produce more realistic
results because their parameter setting is such that the sand-mud mixture is better represented [63].
However, the parameter setting is then, in part, empirically determined during model calibration,
rather than being based on observed or theoretically derived values [72]. As pointed out by Wang
et al. [72], the validity of the model for certain applications, depends on two characteristics of the
field data used for the calibration: the length of the time period covered by the data and the spatial
resolution of the data. A major problem is then that the effect of sea-level rise on the morphological
development has a very long timescale, at least centuries. Reliable field data over such a long period is
not generally available, even for a data-rich system like the Dutch Wadden Sea. Geological data may be
used but they can only indicate a range of the critical SLR for a system. Calibrating a morphodynamic
model for simulating the effects of sea-level rise using field data of limited duration is therefore still a
challenging task.

The study of Van Goor et al. [71] focused on the evaluation of critical SLR rate and did not consider
the transient development when the SLR rate changes. In addition, process-based modelling for the
effects of SLR is often based on comparison between simulations with different rates of SLR and pays
little attention to the transient process when SLR accelerates. However, the transient process can take
a long time before a new dynamic equilibrium is established, or the drowning is completed (if the
critical SLR rate is exceeded). Knowledge of both the new dynamic equilibrium, and the transient
development to the new equilibrium, is important for the management of the system.

The objective of the present study is to improve our insight into the morphological development
of the tidal basins in the Dutch Wadden Sea due to accelerated SLR. This will be achieved by analyzing
the dynamic morphological equilibrium state and the transient state of a tidal basin when the SLR
changes using the ASMITA model. Although, the study focuses on the tidal basins in the Dutch
Wadden Sea, the insights obtained are relevant for other similar tidal basins when examined at the
aggregated scale implicit in this type of model formulation.

2. Modelling Approach—Aggregated Model ASMITA

The ASMITA (aggregated scale morphological interaction between tidal basin and adjacent coast)
model was first proposed by Stive et al. [67] for modelling the long-term morphological development
of tidal inlet systems in the Wadden Sea. For a detailed description of the model formulations we refer
to [68,69].

ASMITA has a high level of spatial aggregation. A tidal inlet system is schematized into a limited
number of morphological elements, similarly to how Walton and Adams [33] describe natural systems.
For each element a water volume below a certain reference level or a sediment volume above a certain
reference plane acts as a state variable. A tidal inlet is typically schematized into the following three
elements (Figure 3):

e The ebb-tidal delta, with its state variable V; = total excess sediment volume relative to an
undisturbed coastal bed profile [L3];

e The inter-tidal flat area in the tidal basin, with its state variable Vi = total sediment volume
between mean low water (MLW) and mean highwater (MHW) [L3];
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e  The channel area in the tidal basin, with its state variable V, = total water volume below MLW [L3].

(a)

(d)

Figure 3. The three-elements schematisation (a) for a tidal inlet in the aggregated scale morphological
interaction between tidal basin and adjacent coast (ASMITA) and the definitions of the hydrodynamic
and morphological parameters tidal prism P (b), area Af and volume V of tidal flats (c), area A and
volume V; of channels (d).

The adjacent coastal areas, which can exchange sediment with the inlet system, are considered
as an open boundary, ‘the external world’. For the present analysis the single-element model for the
tidal basin with the water volume below highwater V as state variable will be used. Following the
definitions (see Figure 3) we have:

V=V.+P @

As the tidal basins are relatively small compared to the tidal wave length, the tidal prism P can be
calculated as:
P =2Apu—Vy )

Herein A}, is the basin area and a is the tidal amplitude. As the equilibrium values of V. and V¢
can be calculated from a and P (see [69]), the equilibrium value of V is thus a function of 2 and Ay:

Ve = F(Ay, a) ®)

The single element ASMITA model yields (see [58]):

AV woce Ay [(Ve(t)

dt o+ wA, V(t)) _1]+AbR @)
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where

t = time [T];

w = vertical exchange coefficient [LT-1];

0 = horizontal exchange coefficient [L3T1];

n = power in the formulation for the local equilibrium concentration [-];
cg = overall equilibrium concentration [-];

R = relative sea-level rise rate [LT™!].

The power n should be the same as that in a power law relationship between sediment transport
rate s and flow velocity u in a process-based model [72]. Its value is an indication of the non-linearity
of the relationship. For the general case, in which sediment transport rate is a function of the flow
velocity and other factors, such as those indicating the sediment properties, the value of n should be

calculated as: 5
S U
=53 5)

Many sediment transport formulas may be written as the following general form, with M as a
constant coefficient depending on sediment properties and k as a constant.

s = M(u—u)" (6)

For this relation: y

n==k

@)

U=

In these relations u, is the critical flow velocity for incipient movement of sediment particles. It

is larger for coarser sediment than for finer sediment. This means that for the same hydrodynamic
condition # is larger for coarser sediment than for finer sediment.

3. Analysis and Modelling Results

3.1. Dynamic Equilibrium and Critical SLR Rate

Stive and Wang [68] (see also [21,71]) use Equation (4) to demonstrate that there is a critical limit
R, of sea-level rise rate beyond which the tidal basin will drown:

woOCE
Ri= ————
<= St ud 8

Equation (4) can be also be written in terms of depth

dH wdcg [(He(t)\"
el _YUCE -1
TR [( H(D) R ©)
With v v
_ —_¢
H= a4 and H, n (10)

The equations can be made dimensionless using

H \%
h=—=— 11
0o (11)
and
s Ve V. _ H, ApHe
T = % Wlth T — Abch + E = weg + (ShCE (12)
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yielding
dh 1\"
herein R
It is noted that using Equations (8) and (12) the critical sea-level rise rate can be written as:
H
R = ?e (15)

It should also be noted that the timescale T is not equal to the morphological timescale T}, as
defined by linearizing Equation (4) or Equation (9) for the case R = 0 [73]. The morphological time
scale is the time needed for a small deviation from the morphological equilibrium to decrease by a
factor e. The relation between the two timescales is:

T =nTy, (16)

These relations revealed a number of interesting things worth knowing:

e Equation (15) for R, revealed the importance of T. In this relation H, is the equilibrium depth.
Empirical relations [69] were available from which its value can be evaluated if the tidal amplitude
a and the size of the tidal basin is known, H, = F(Ay, a). Moreover, it was also connected to direct
observations. For basins which are approximately in equilibrium, as, for example, when the
basin has not been impacted by human interference for a long time, the equilibrium depth can
be evaluated from the measured bathymetry. Note that a correction is necessary when it is in a
dynamic equilibrium as it has been forced by sea-level rise with a constant rate for a long time
(See Figure 4). An example within the Dutch Wadden Sea is the Ameland Inlet.

e  Equation (15) can also be used for estimating the timescale T if R, can be derived from observations.
This is the case for the Texel Inlet, for example, in which a large sediment deficit arose after the
closure of the Zuiderzee in 1932 [20,21]. The large sediment deficit (depth of the basin much larger
than equilibrium depth, or # much larger than 1) in the basin has practically the same effect on
sediment import as a ‘drowned’ system (see Figure 8), implying that the observed sedimentation
rate is close to the critical sea-level rise rate.

e  The power 1 influences the morphological timescale, but not the critical sea-level rise rate. It does
influence the dynamic equilibrium state.

In dimensionless form, the dynamic equilibrium morphological state can be derived from
Equation (13):
he=(1-1)7" (17)

This relation is shown in Figure 4 which clearly indicates that the dynamic equilibrium
morphological state is sensitive to the value of n. If the n value increases, the h. value for the
same dimensionless sea-level rise rate 7 is smaller. This means that for larger n values, the deviation of
the dynamic equilibrium from the morphological equilibrium as defined by the empirical relations
is smaller. Figure 4 also shows that for larger n values, the transition from gradual increase to rapid
increase of K, occurred at a larger value of r. However, the magnitude of # also has an influence on the
critical SLR rate according to Equations (15) and (16): the larger the n value, the lower the critical rate
for the same morphological timescale.
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r

Figure 4. Influence of the power #n on the dynamic morphological equilibrium.
3.2. Transient Development

It is also important to know about the time process of the development towards the new dynamic
equilibrium when SLR accelerates. Some insight into this process can already be obtained from
the morphological timescale, determined by linearizing Equation (13) around & = k. (the dynamic
morphological equilibrium state):

(18)

1
n+1

Tg = —————
n(l—r)n

7, is the dimensionless time (value of 7) after which a deviation from the dynamic equilibrium
would be decreased with a factor e according to the linearized model. For r = 0, 7, = 1/n which is the
same relation between the morphological timescale and the timescale T as given by Equation (16),
implying that a larger n results in a smaller morphological timescale, for the same value of T. The
morphological timescale depends on the SLR rate r, the larger the r value, the larger the morphological
timescale. This means that for a higher accelerated SLR rate it takes longer for the new dynamic
morphological equilibrium to be reached.

Figure 5 shows the results of the non-linear model (solution of Equation (13)) for various
combinations of n and r. For all the simulations /#(0) = 1 is used as initial condition, i.e., starting
at equilibrium for r = 0. The influence of the magnitudes of n and r on the transient development,
as indicated by the morphological timescale described above, agrees well with the results of the
non-linear model.

3 3
5 —r=0.2 - = r=05 ./ =02 = = r=05
/ =09  — - =2 ’ = =
_—- ; - / r=0.9 r=2
/ /
s 2 < 2 .
/ /
15 74 . 1.5 /'
e — N CEEE L L bbbl
0 1 2 3 4 5 0 1 2 3 4 5
T T
@n=2 (byn=5

Figure 5. Transient development for various sea-level rise (SLR) rates starting from equilibrium state
(h(0) = 1). Influence of the power 1 can be seen by comparing the two panels, (a) for n = 2 and (b) for n
=5.

Sea-level rise is often considered as a constant value over the past centuries. However, fluctuations
are common and it is therefore unlikely that a system is ever completely in equilibrium, especially
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if one factors in other forcing conditions (spate river flows, nodal tidal cycles, etc.), even if it is not
influenced by human interference. Consequently, it is unlikely that tidal basins are in equilibrium (h =
1) at the onset of a period of acceleration, also because of the ongoing SLR. The influence of the initial
condition is investigated for four SLR rates (Figure 6), two below and two above the critical rate. For
the two cases with SLR rate below the critical rate, a finite dynamic equilibrium depth exists and this
state is being achieved in all simulations. However, there are also some notable differences in terms of
both the dynamic equilibrium that is reached and the morphological timescale. If SLR is relatively
small compared to the critical rate (r = 0.5, Figure 6a) the dimensionless timescale is short (about 1.4)
and the equilibrium depth is relatively shallow (k. = 1.4). However, if the SLR rate is equal to 90% of
the critical value (r = 0.9, Figure 6b) then both are larger. The equilibrium depth increases to more than
doubled to 3.2, while the dimensionless timescale increases by an order of magnitude to 15.8. When
the SLR rate approaches the critical value, the morphological timescale increases to a very large or
even infinitely large value (Figure 7).

0

09 e——h(0)=1 = = h(0)=1.1 h(0)=1 = =h(0)=2
’ h(0)=1.2 == h(0)=0.8 h(0)=2.5 === h(0)=0.5
0.8 . . . . 0 . . . r
0 1 2 3 4 0 1 2 3 4
T T
(@)r=05:he=14, 1.=14 (b) r=0.9: he=32, .= 15.8
9 qmmmmmmm e e —————
: |
7 =
i 6 ik’
i 5 i
1 = 1
| 4 I
i 3 i
/ =——h(0)=1 = == h(0)=2 E 2 -~ e——h(0)=1 = == h(0)=2 i
h(0)=3 == h(0)=0.5 ! v h(0)=3 == h(0)=0.5 !
0 . . . . : 0 . . . . :
0 1 2 3 4 5 0 1 2 3 4 5
T T
(c)r=1.1:he=oo (d) r=2:he=oo

Figure 6. Transient development starting from various initial conditions (h(0)) for four SLR rates: (a) r
= 0.5 (SLR far below critical rate), (b) r = 0.9 (SLR just below critical rate), (c) ¥ = 1.1 (SLR just above
critical rate), (d) » = 2 (SLR far above critical rate), in all cases n = 2. The dynamic equilibrium %, and
the morphological timescale 7, are given in the title of the panels.

Figure 7. Morphological timescale as function of sea-level rise rate.
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For the two cases with SLR greater than the critical SLR rate, no dynamic equilibrium can be
reached, and the water depth increases indefinitely. The behavior of the development is not heavily
influenced by the initial depth. Especially for the case when the SLR rate is far above the critical rate
(Figure 6d) all lines are parallel. In such case, h increases rapidly to a large value and when # is large,
the right-hand side of Equation (13) becomes near constant. Physically, this means that there is a
maximum rate of sediment transport to the basin, which can be obtained when the water depth in the
basin becomes large, implying that further change of the depth has little influence on the sediment
transport rate. This can be made clear by considering the two terms on the right-hand side Equation (4).
The second term represents the volume increase due to SLR and the first term represents the change
due to sediment transport from the basin to the coastal zone. For V > V,, or I > 1, it is negative and its
magnitude is the sediment import rate to the basin. With the help of Equations (5) and (8) the following
relation can be derived for the sediment import rate S (depicted in Figure 8):

S —1- (%)n with Smax = ApR. is the maximum value of S (19)

Smax

S/Smax

1 15 2 25 3
h

Figure 8. Relation between sediment import rate and the morphological state. /1 = 1 represents the
morphological equilibrium without SLR. The import rate approaches the maximum value for large h.

3.3. Application to the Dutch Wadden Sea

It is the dimensionless SLR rate r that influences the behavior of a tidal basin responding to
accelerated SLR. This means that the different tidal basins in the Wadden Sea will respond very
differently when SLR accelerates, as the SLR rate will be the same but the critical SLR rate for drowning
is very different for the different basins. In Table 1, the critical SLR rates for the six tidal basins in the
Dutch Wadden Sea (Figure 2), as calculated in [21] are given together with the dimensionless SLR rate
r for four SLR rates (2, 4, 6 and 8 mm/y). Figure 9 depicts how the dimensionless SLR rate r increases
with the increasing SLR rate R for the various tidal basins in the Dutch Wadden Sea. For the present
SLR rate (2 mm/y) r is less than 0.4 for all tidal inlets, so SLR has very limited impact on the Wadden
Sea (see Figure 4; Figure 7). For the inlets with large back-barrier basins, Texel Inlet and Vlie, the level
above which significant impact of SLR is expected (r = 0.8) will be exceeded at a SLR rate R between 4
and 5 mm/y, whereas for the inlets with the smaller basins Pinkegat, Zoutkamperlaag and Eierlandse
Gat this level is unlikely to be exceeded.
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Table 1. Critical SLR rate for drowning of the various tidal inlet systems in the Dutch Wadden Sea from
[21] and the dimensionless SLR rate  for four different SLR rates (2, 4, 6 and 8 mm/y). The equilibrium
depth H, calculated using the empirical relations and the parameters for basin area Ay and tidal range
H are also given. The listed time scale T is calculated using the relation with R; and H,.

r for SLR Rate =

Inlet Ay (km?) H (m) H, (m) R;(mmfy) T (Year)
2mm/y 4mm/y 6mm/y 8mmfy

Texel 655 1.65 2.8 7.00 400 0.29 0.57 0.86 1.14
ELGT 157.7 1.65 1.7 18.0 90 0.11 0.22 0.33 0.44
Vlie 715 1.9 35 6.30 560 0.32 0.63 0.95 1.27
Amel 276.3 2.15 2.7 10.4 260 0.19 0.38 0.58 0.77
PinkeG 49.6 2.15 1.7 32.7 55 0.06 0.12 0.18 0.24
ZoutK 105 2.25 2.1 171 125 0.12 0.23 0.35 0.47
2
18 | ===--- ZoutK (17.1 mm/y) Pinkegat (32.7 mm/y)
Ameland (10.4 mm/y) = - - Vlie (6.3 mm/y)
1.6 = = = Eierland (18 mm/y) — — Texel Inlet (7 mm/y)

R (mm/y)

Figure 9. Dimensionless SLR rate 7, i.e., normalized with the critical rate (given between brackets in the
legend) as calculated in [21] for the tidal inlets in the Dutch Wadden Sea, increases linearly with the
SLR rate R. The solid red line (r = 1) indicates the initiation of drowning and the dashed orange line (r
= 0.8) indicates the level above which significant impact of SLR is expected.

Figure 4; Figure 7 suggest that that two indicative limits in the response of tidal basins to SLR can
be identified. Below a value of r = 0.6 the morphological timescale increases approximately linearly
with increasing values of dimensionless SLR rate, . In contrast, above a value of about r = 0.8 the
morphological timescale increases rapidly and non-linearly. When r is above this limit, tidal basins
will experience a long process of ‘drowning’. In order to ensure that tidal basins remain resilient to
accelerating SLR it is advisable to ensure that r does not exceed 0.6 due to anthropogenic causes like
gas mining. Wang et al. [21] advised using r = 0.4 as the limit for managing gas and salt mining.

4. Concluding Discussions

In summary, the findings from the theoretical analysis provide insights into the response of tidal
basins to SLR concerning the critical SLR rate as well as concerning the transient development when
SLR rate changes.

The non-linear behavior of the system concerning dynamic morphological equilibrium (Figure 4)
and the corresponding morphological timescale (Figure 7) implies that a tidal basin responds to a
relatively high SLR rate in a similar way, no matter if the SLR rate is below, equal or above the critical
rate (Figure 4). Furthermore, the timescale of the response of tidal basins to changing SLR is very large
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(in the order of centuries [73]). It will thus be very difficult if not impossible to determine the critical
rate of SLR by monitoring. The present analysis shows that the critical SLR rate can be determined
from the morphological equilibrium and the morphological timescale (with respect to morphological
equilibrium). The combination of Equations (11) and (12) yields R. = H,/nT,. The equilibrium depth
H, can be determined from the field observations, directly or indirectly via empirical relations. The
morphological timescale T, can also be derived from observed development if the considered system
is disturbed from its equilibrium. A system can be disturbed not just due to human interventions
but also due to, e.g., nodal tidal cycle [74,75], or major storm events [76]. This relation thus makes it
possible to determine the critical rate of SLR from field observations of limited time period.

The influence of the power n according to this relation implies that the type of sediment is
important. A sandy system can behave very differently to a muddy system. This explains also the
findings in [63]: After increasing the n value from two to five the critical SLR rate became much
lower even though the model was calibrated to have the same morphological timescale in both cases.
This reveals also the importance of sediment grading in tidal systems. Sediment composition varies
within tidal basins: fine sediment being found on the flats and coarser fractions in the channels. In
order to respond to sea level rise and maintain elevations relative to the tidal frame of reference, the
sediment demand of these different zones needs to be met. Hence, a tidal inlet system with a relatively
large range in sediment fractions is less vulnerable to drowning than systems with only highly sorted
sediment fractions available.

The morphological timescale with respect to the dynamic morphological equilibrium is strongly
influenced by the SLR rate. It is essential to realize that it is the morphological timescale with respect
to the dynamic morphological equilibrium that determines how long it takes before the new dynamic
morphological equilibrium is achieved when SLR accelerates. This morphological timescale is different
from the one with respect to the morphological equilibrium for R = 0 (i.e., no SLR). It can be estimated
by linearizing the model with respect to the dynamic morphological equilibrium. This morphological
timescale increases with increasing SLR rate non-linearly (Figure 7). It increases to infinity as SLR rate
approaches the critical value. Physically this can be explained by the delayed response of the tidal
basin to acceleration of SLR and the limitation of sediment transport capacity through the inlet [21].
The delayed response has the consequence that the effect of acceleration in SLR on sediment exchange
between the basin and the coastal area will only be noticeable after a long time. The limit imposed by
sediment transport capacity implies that even over the long-term the sediment import to the basin
cannot increase in proportion to the SLR rate. For the tidal basin itself it means that acceleration of
SLR will cause loss of tidal flat areas, but the total loss will only be achieved after a long period of
time. When a basin is drowning, it is importing sediments at the maximum rate and the processes
of drowning will be very slow. The availability of sediments to be transported into the basins then
becomes important (see the conceptual model in [21]). Tidal basins in this state are perpetually adapting
to changing conditions. This helps to explain why tidal basins can exist for centuries to millennia,
even with highly changing conditions, as is the case of the Wadden Sea. It is therefore likely that the
Wadden Sea tidal basins will persist for a long time even after the process of drowning has started,
in the case of strongly accelerated SLR. However, even though a slow drowning process implies no
immediate morphological need for mitigation and adaptation, this does not reflect the ecological need
and significant changes to the ecosystem may result from these pervasive morphological changes.

It is the dimensionless SLR rate, i.e., the ratio between the SLR rate and the critical rate for
drowning, that determines how a tidal basin responds. This means that the morphological responses
of the different basins to future accelerated SLR will be very different. For the larger basins Vlie and
Texel Inlet, the critical SLR rate is lower and they will likely be seriously affected if SLR rate exceeds 4
mmy/y. For the smaller basins, Pinkegat and Eierlandse Gat, the critical SLR rates are high and they are
unlikely to be seriously affected by an accelerating SLR. However, the distinguished responses of the
different tidal basins to accelerating SLR can only remain if the tidal divides can remain functioning as
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boundaries between the neighboring basins. Therefore, it is important to study the more detailed local
morphological development around tidal divides.

The insights from the analysis with the aggregated model are also relevant for the process-based
modeling. The importance of the correct value of n implies that in a process-based morphodynamic
model, it is essential to choose the right sediment transport formulation, and not merely to reproduce
the correct order of magnitude of sediment transport rate. Furthermore, it is important that the
graded sediment is well represented in the model. The large timescale for achieving the new dynamic
equilibrium, especially when the SLR rate is relatively high, makes it impossible to conclude from
the model results of limited period if the tidal flats are drowning (total disappearance of tidal flats in
the long term) or not. This is confirmed by the findings of Van der Wegen et al. [77] and Elmilady et
al. [78] who modelled the development of intertidal flats in San Pablo Bay using a 150 year hindcast
and a 100 year forecast, for various SLR scenarios. That (accelerated) SLR rise causes continuous loss
of intertidal areas over the forecast period does not necessarily mean that all SLR scenarios are causing
drowning of the tidal flats. The simulated period (100 years) can simply be too short compared to the
morphological timescale with respect to the dynamic equilibrium.
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